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Refluxing aqueous solutions containing molybdenum(V) react with sodium N,N-dialkyldithiocarbamates (Na(dtc); 1 mol) to
yield a series of new complexes, Mo, 0, (dtc),, while at 0° with Na(dtc) (>4 mol), Mo,0,(dtc), is produced. The former com-
plexes may be converted to the latter by further reaction with Na(dtc). Assignments of the molybdenum-oxygen stretching
frequencies in the infrared spectra have been made and the visible spectra have been investigated. The interrelationship and
chemistry of these two types of complex are suggested as a possible model for the interaction of two molybdenum atoms at an

enzymic active site.

There is at present a growing interest in the chemistry of
coordination compounds of molybdenum, particularly be-
cause of their possible relationship to redox-active molybdo-
enzymes.! The most recent reports suggest that the iron-
molybdenum protein component? of nitrogenase (com-
ponent I) (from Azotobacter vinelandii® or Clostridium
pasteurianum,® but not from Klebsiella pneumoniae*) and
xanthine oxidase (from all known sources®) both contain
two molybdenum atoms per mole of enzyme. Thereisa
distinct possibility in these cases that the two molybdenum
atoms are at the active site, working in conjunction during
catalysis. As part of our studies® of models for such en-
zymes, we sought to investigate this possibility and chose the
supposedly well-established dimeric molybdenum(V) dithio-
carbamates, i.e., Mo,05(dtc),, as our initial subject. This
choice was dictated primarily by our recent successful re-
duction of diethyl azodicarboxylate (a useful two-electron
acceptor model) by some N,N-dialkyldithiocarbamate com-
plexes of molybdenum(IV). This reduction was accom-
plished by an initial oxidative addition of the azo double
bond thus forming a 1:1 adduct, followed by hydrolysis to
give the substituted hydrazine and the appropriate cis-dioxo-
molybdenum(VI) complex.® One to one adducts were also
prepared with some related acetylenic and olefinic com-
pounds.®
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In this paper, we describe the synthesis and characterization
of a new type of molybdenum(V) dithiocarbamate complex,
u-dioxo-bis[oxo-N,N-dialkyldithiocarbamatomolybdenum-
(V)], Mo,0,4(dtc),, and an improved method for the prepara-
tion of u-0x0-bis [oxobis(V,N-dialkyldithiocarbamato)molyb-
denum(V)], Mo,03(dtc),. Assignments of the various molyb-
denum-oxygen vibrations in the infrared spectra have been
made and the visible spectra have been reinvestigated and in-
terpreted. The interrelationship of these two types of com-
plex and some of their relevant chemistry are described and
used as a basis for a possible mechanism of interaction for
two molybdenum atoms at enzymic active sites.

Experimental Section

Materials and Physical Measurements. The known sodium salts
of the dithiocarbamic acids were prepared in the customary manner’
by dropwise addition of the appropriate dialkylamine (1.0 mol) to
carbon disulfide (1.1 mol) in aqueous ethanol at room temperature,
followed by dropwise addition of 10 N sodium hydroxide (1.0 mol).
After the mixture had stood for several hours, the salt could usually
be crystallized by the addition of acetone and then chilling to 0°. In
the case of the diisopropyl compound a reaction temperature of 40°
was used and the solvent was ether-acetone. All gave satisfactory
C, H, and N analyses which indicated varying degrees of hydration.

All reactions and physical measurements were carried out under
an atmosphere of purified argon using degassed analytical reagent
grade solvents.

Infrared spectra were recorded as KBr disks with a Beckman
IR-20A spectrophotometer, visible spectra were measured with a
Cary Model 14 recording spectrophotometer, and microanalyses
were obtained with a Hewlett-Packard 185 CHN Analyzer.

All analytical data are collected in Table L.

Preparation of Mo, 0,(dtc), Complexes. A solution of molyb-
denum pentachloride (0.50 g, 1.8 mmol) in water (50 ml) was slowly
added to an ice-cold solution of the dithiocarbamate salt (cz. 18 mmol)
in water (50 ml). The dark purple precipitate of Mo,0,(dtc), (ca.
70% yield), which formed immediately, was collected by filtration,
washed thoroughly with water, and dried in vacuo.

Preparation of Mo, 0,(dtc), Complexes. In a typical prepara-
tion, a solution containing molybdenum pentachloride (2.0 g, 7.3
mmol) and the dithiocarbamate salt (7.3 mmol) in water (50 ml) was

(7) E. E. Reid, “Organic Chemistry of Bivalent Sulfur,” Vol. 4,
Chemical Publishing Co.,New York,N. Y., 1962, p 213.
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refluxed until the initial purple precipitate changed to yellow (ca.
0.5-2 hr depending on the ligand used). The Mo,0,(dtc), product
(ca. 55% yield) was isolated by filtration, washed with water, ethanol,
and diethyl ether, and dried in vacuo.

Conversion of Mo, 0,(dtc), to Mo,0,(dtc),. Typically, Mo,O,-
(dtc), (0.3-0.5 g, 0.5 mmol) and the sodium salt of the appropriate
ligand (1.0 mmol) were stirred in a 1:1 mixture of chloroform-
methanol (ca. 40 ml) for ca. 18 hr. The purple precipitate of Mo,-
0,(dtc), (confirmed by infrared spectrum and analysis; ca. 60% yield)
was collected by filtration, washed with methanol and diethyl ether,
and dried in vacuo.

Reaction of u-Oxo-bis[oxobis(V,V-dialkyldithiocarbamato)-
molybdenum(V)] with Diethyl Azodicarboxylate. (a) u-Oxo-
bis[oxobis(V, N-dimethyldithiocarbamato)molybdenum(V)]. To a
stirred suspension of Mo,0,(S,CNMe,), (0.21 g, 0.20 mmol) in
dichloromethane (75 ml) diethyl azodicarboxylate (0.12 g, 0.60
mmol) was added. The purple color was discharged and all the solid
dissolved during 1 hr to give a yellow solution, which was then evap-
orated to dryness. The oily yellow solid was extracted with dry
hexane (three 25-ml portions) to remove excess diethyl azodicar-
boxylate and then dried in vgcuo. The infrared spectrum of this
solid corresponded to a mixture of MoO, (S,CNMe,), (»(Mo=0) at
910 and 873 cm™') and the 1:1 adduct® MoO(S,CNMe,),(EtO,CN=
NCO,Et) (#(Mo=0) at 933 cm™', »(C=0) at 1710 and 1725 cm™}).
Extraction with dry benzene (two 10-ml portions) gave a yellow
residue of cis-dioxobis(V,V-dimethyldithiocarbamato)molybdenum-
(V1) (0.10 g, 91% yield) (identified by infrared spectrum). Evapora-
tion of the benzene extract gave the 1:1 diethyl azodicarboxylate~
oxobis(V,N-dimethyldithiocarbamato)molybdenum(IV) adduct (0.11
g, 75%) (identified by infrared spectrum).

(b) u-Oxo-bis[oxobis(V,N-diethyldithiocarbamato)molyb-
denum(V)]. In a similar experiment, after evaporation of the reac-
tion mixture to dryness and extraction with hexane, a yellow residue
of cis-dioxobis(V,N-diethyldithiocarbamato)molybdenum(VI) and
the 1:1 diethyl azodicarboxylate~oxobis(V,N-diethyldithiocar-
bamato)molybdenum(IV) adduct (identified by infrared spectrum)
was obtained. In the several experiments attempted, some variable
contamination with 1,2-bis(ethoxycarbonyl)hydrazine (v(NH) at 3270
em™! and v(C=0) at 1770 and 1715 cm™!) was observed,

(c) u-Oxo-bis[oxobis(1-piperidinecarbodithioato)molybdenum-
(V)] and u-Oxo-bis[oxobis(4-morpholinecarbodithioato)molybdenum-
(V)]. Inboth cases, evaporation to dryness followed by hexane ex-
traction gave a mixture of the appropriate cis-dioxomolybdenum(VI)
compound and 1:1 diethyl azodicarboxylate~molybdenum(I'V) adduct
(identified by infrared spectrum). No substituted hydrazine was ob-
served in either system.

Results
Preparation and Characterization of Compounds. None of
the previously reported preparative methods®™'2 for these di-
meric molybdenum(V) dithiocarbamates were wholly satis-
factory. Initial experiments using acidification,®!2 by sulfur
dioxide or 10 M hydrochloric acid, of aqueous solutions of
sodium molybdate (1 mol) and sodium N,N-dialkyldithiocar-
bamate (Na(dtc); 4 mol) led to mixtures'? of cis-dioxobis(V,N--
- dialkyldithiocarbamato)molybdenum(V1). {cis-MoO,(dtc), ]
and Mo,05(dtc), (by infrared spectroscopy). Similar reac-
tion mixtures, heated near their boiling ‘point and acidified
with 10 M hydrochloric acid, gave dark purple precipitates®!?
whose analyses were close to those of the compounds Mo,-
0,(dtc), and contained no bands due to cis-Mo0,(dtc), in
their infrared spectra. These products were virtually insolu-
ble in common organic solvents. - In contrast, the Mo, 0;-
(dtc), complexes produced by us at or below ambient tem-
perature have appreciable solubility. This heating technique
appears, therefore, to enhance the intermolecular reactions
(8) L. Malatesta, Gazz. Chim. Ital., 69, 752 (1939).
(9) R. Colton and G. R. Scollary, 4ust. J. Chem., 21, 1427
(19(2?2).) F. W. Moore and M. L. Larson, Inorg. Chem., 6, 998 (1967).
19;(1))1) R. N. Jowitt and P, C. H. Mitchell, J. Chem. Soc. 4, 1702
¢ (12.) A. T. Casey, D. J. Mackey, R. L. Martin, and A. H. White,
Aust. J. Chem., 25, 477 (1972).
(13) cis-MoO,(dtc), is best prepared at metal-to-ligand ratios

<1:1.5 in acetate buffer at pH 5§.5. Excessive ligand concentration
and/or acid addition result in varying degrees of reduction to Mo(V).
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Table 1. Analytical Data

% caltcd % found

Compd C H N C H N
Mo,0,(S,CNMe,), 200 33 7.8 194 35 175
Mo,0,(S,CNMe,), 145 24 57 145 25 55
Mo,0,(5,CNEt,), 288 4.8 6.7 285 4.8 6.6
Mo,0,(S,CNEt,), 217 36 51 21.8 3.8 4.9
Mo,0,[S,C-pip)], 327 46 64 338 49 6.1
Mo,0,[S,C(1-pip)], 250 3.5 49 244 33 46
Mo,0,[S,C(4-morph)], 270 3.6 63 271 3.8 6.3
Mo,0,[S,C(4-morph)], 21.9 29 51 205 28 4.7
Mo,0,(8,CN(-Pr),), 356 59 59 355 59 59

which have been suggested®!° to occur for the Mo,05(dtc),
complexes and so produces oligimers rather than the desired
dimer. The anaerobic sodium dithionite reduction!®!? of
aqueous 1:2 molybdate-dithiocarbamate mixtures gave

pink molybdenum(IV) products.** Only in the presence
of air did purple, and therefore molybdenum(V), products
predominate from the dithionite reduction. This latter
technique, however, is unsatisfactory because the competing
reactions of oxidation of molybdenum(V) by oxygen and

its reduction by sodium dithionite to molybdenum(IV), as
well as the reaction of oxygen with sodium dithionite, allow
minimal control both during the reaction and in the work-up
of products. A similar objection applies to the method®
using molecular oxygen to prepare these complexes from Mo-

(C0O),(S,CNEL,),.
To overcome these difficulties, reaction 1 was attempted.!®
2(NH,),MoOCl, + 4Na(dtc) - Mo, 0, (dtc), ®

No pure Mo,03(dtc), was isolated from the several experi-
ments performed. The presence of a second molybdenum
species, possibly Mo, 04 (dtc),, was suggested by infrared
bands at ~980 ¢cm™ (»(Mo=0)) and ~740 cm™ (¥MoO,-
Mo)). These bands had been observed previously’$ ! with
amino acid complexes of molybdenum(V) of the type Mo,-
0;L, (L = anionic, bi- or tridentate ligand) and their forma-
tion was accelerated by heating the reaction mixtures.!*
Therefore, an equimolar aqueous solution of sodium N,N-
dialkyldithiocarbamate and the anaerobic hydrolysis product
of molybdenum pentachloride (“molybdenum(V) oxochlo-
ride™) was refluxed in argon until the initial purple precipi-
tate changed to yellow (ca. 0.5-2 hr depending on the lig-
and used). Analytical (Table I) and infrared (Table II) data
were consistent with the formulation Mo,0,4(dtc), {dtc =
RCS,™; R =(CH;),N, (C,H;),N, 4-morpholine, 1-piperidine,
but not [(CH;),CH],N (when a mixture with Mo, 05(dtc),
was obtained)] for these yellow precipitates. Alternatively,
when aqueous “molybdenum(V) oxochloride” was added
slowly to an ice-cold aqueous solution of Na(dtc) (>4 mol),
dark purple, analytically pure Mo,03(dtc), [dtc =RCS,";
R =(CH,),N, (C,H;),N, [(CH;),CHLN, 4-morpholine, 1-
piperidine] was precipitated (see Table I for analytical data
and Table II for infrared data). Inthe N,N-dimethyl- and
N,N-diethyldithiocarbamate systems, Mo, 0,4(dtc), could be
easily converted to Mo,03(dtc), by stirring with the ap-

(14) R. N. Jowitt and P. C. H. Mitchell, J. Chem. Soc., A, 2632
(1969).

(15) L. R. Melby, Inorg. Chem., 8, 349 (1969).

(16) A. Kay and P. C. H. Mitchell, J. Chem. Soc. 4, 2421 (1970).

(17) B. Spivack and Z. Dori, Chem. Commun., 1716 (1970).

(18) J. R. Knox and C. K. Proutt, Chem. Commun., 1227 (1968).

(19) L. T. J. Delbaere and C. K. Proutt, Chem. Commun., 162
(1971).

(20) B. Spivack, A. P. Gaughan, and Z. Dori, J. 4dmer. Chem. Soc.,
93, 5265 (1971).

(21) M. G. B. Drew and A. Kay, J. Chem. Soc. 4, 1846, 1851
(1971).
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Table II. Selected Infrared Spectral Data (cm™)

Newton, et al.

Compd v(Mo=0) v(MoO,Mo) v(MoOMo) v(Mo§S)
Mo,0,(S,CNMe,), 938s 435m, 758 w 370 m
Mo,0,(S,CNMe,), 960 m, 978 s 480 m, 736 m 388 m
Mo,0,(S,CNEt,), 938s 438 m, 750 w 370 m
Mo,0,(S,CNEt,), 960 m, 977 s 480 m, 733 m 382 m
Mo,0,[S,C-pip)], 938s 440 m, 750 w 360 m
Mo,0,{S,C(1-pip)}, 965 m, 980 s 472 m,732 m 365 m
Mo, O, [S,C(4-morph)], 940 s 435m,735w 365 m
Mo, 0, [S,C(4-morph)], 965m, 982 470 w, 734 m 360 m
Mo,0,(S,CN(-Pr),), 943 s 438 m, 758 w 400 m

propriate ligand in 1:1 chloroform-methanol solution. Only
partial conversion occurred for the morpholino- and piperi-
dinodithiocarbamate systems.

Infrared Spectra. The infrared spectra of Mo,04L, com-
plexes contain four bands assignable to the

(I)/O\ P
Mt o
)

moiety. A strong band at ~980 cm™! and a weaker band at
~970 cm™! are due to the terminal Mo=0 vibrations. The
symmetric and antisymmetric bridge vibrations for the com-
plexes occur at ~480 and ~740 cm™, respectively. These
assignments are consistent with those made for amino acid
and related complexes of Mo(V).}*™%

The assignments made in the infrared spectra of Mo,0;-
(dtc)s complexes are terminal Mo=0 at ~940 cm™ and the
symmetric and antisymmetric bridge vibrations at ~430 and
~750 cm™, respectively. Table II contains selected infrared
data for both types of complex.

Visible Spectra. The visible spectra of all Mo,04(dtc),
complexes were essentially featureless except for a poorly
resolved shoulder at ~370 nm. The spectra of the Mo,0;-
(dtc)s compounds, however, contained an intense band at
~510 nm and a shoulder at ~380 nm. The previously re-
ported!! band at ~620 nm (e 2900) was not observed in any
of our spectra. Visible spectral data for the Mo,05(dtc),
compounds, together with data for the appropriate molyb-
denum(VI) [Mo0O,(dtc),] and molybdenum(IV) [MoO(dtc),]
complexes,® are listed in Table III. The band at ~510 nm
did not obey Beer’s law and its molar absorptivity decreased
markedly as the concentration was lowered. An independent
observation of this phenomenon has been reported recently .
In contrast, we have found that the band at ~380 nm obeys
Beer’s law. Molar absorptivities as a function of concentra-
tion in benzene solution are shown for Mo,03(dtc), in Table
IV. This deviation from Beer’s law by the 510-nm band ac-
counts for the discrepancies in molar absorptivity in previous
reports of the visible spectrum!®!! of Mo, 04(S,CNEt,),.
The deviation was shown to be reversible by diluting a solu-
tion of the 1-piperidinecarbodithioatomolybdenum(V) dimer
twofold and then reconcentrating it by evaporation when
both the original and final solutions had the same molar ab-
sorptivity at 510 nm. This behavior is therefore due to an
equilibrium rather than a decomposition reaction and may
be rationalized by the dissociation of the molybdenum(V)
dimer into molybdenum(VI) and molybdenum(IV) mono-
mers: Mo,05(dtc), = MoO,(dtc), + MoO(dtc),.

The species produced by this dissociation were determined
by three methods. First, on mixing equimolar solutions of
the appropriate concentration of the various molybdenum-

(22) F. A. Cotton and S. M. Morehouse, Inorg. Chem., 4, 1377
(19?2)3') P. C. H. Mitchell, J. Chem. Soc. A, 146 (1969).

(24) R. Barral, C. Bocard, 1. Seree de Roch, and L. Sajus, Tetra-
hedron Lett., 1693 (1972).

Table III. Visible Spectral Data for Various Molybdenum
Dithiocarbamates?

Mo,0,(S,CNEL,) b 513 ()¢ 378 (5200)
MoO,(8,CNEL,),b.¢ 374 (3430)
MoO(S,CNEt,),b.d 508 (670) 385 (1730)
Mo,0,{S,C(1-pip)],° 512 (7)° 378 (5880)
MoO, [S,C(1-pip)],b.d 374 (4170)
MoO[8,C(1-pip)],0.4 502 (715) 386 (1950)
Mo,0,[S,C(4-morph)], 515 (b 372 (5640)
512 (7)ee 377 (5500)
MoO0, {S,C(4-morph)], ¢ 372 (4255)°
375 (3680)¢
MoO(S,C(@d-morph)],%¢ 508 (715) 388 (1600)

@ Peak maxima in nm; molar absorptivities in parentheses. 2 In
benzene solution. ¢ See Table IV for molar absorptivity data.
d Preparation and properties to be reported. € In chloroform solu-
tion.

Table IV, Molar Absorptivities for Mo,0,(dtc), as a Function of
Concentration in Benzene Sotution®

Complex Concn e~510 €e~380
Mo,0,(S,CNEL,), 2.57 3.74 5.21
1.29 2.33 5.20
0.86 1.86 5.11
2.57° 3.65 5.20
Mo,0,[8,C(1-pip)], 2.73 3.54 5.88
1.36 2.32 5.88
0.68 1.59 5.88
2.73% 3.39 5.86
Mo,0,[S,C(4-morph)], 1.24 4.92 5.80
0.62 3.38 5.48
1.24% 4.80 5.78

% Exact position of peak maxima are set out in Table III; concentra-
tion in M X 10%; molar absorptivity X 1072, © Spectrum of original
concentration was rerun after standing under argon for 30 min to
eliminate the possibility of solvolysis causing the decrease in e.

(IV) and molybdenum(VI) complexes spectra identical with
those of solutions made directly from the molybdenum(V)
dimer were produced. Second, from our previous work®

of preparing adducts of the molybdenum(IV) species with
diethyl azodicarboxylate and related molecules, we were able
to trap the molybdenum(IV) as its 1:1 diethyl azodicarboxy-
late adduct and so force the equilibrium completely to the
right. Mixtures of the 1:1 adduct and the cis-dioxomolyb-
denum(VI) complex were obtained in these experiments.
The N,N-dimethyldithiocarbamatomolybdenum(V) dimer
was chosen for an experiment in which complete product
separation was attempted because the cis-dioxomolybdenum-
(VI) complex of this ligand is the least soluble in organic
solvents and the oxobis(V,N-dimethyldithiocarbamato)-
molybdenum(IV)-diethyl azodicarboxylate adduct is the
least susceptible to hydrolysis of all the adducts we prepared.®
This last experiment showed that approximately equimolar
quantities of the 1:1 adduct and cis-dioxomolybdenum(VI)
complex were formed and so confirmed the equilibrium.
Third, conductance measurements on solutions of the various
Mo, 03(dtc), complexes indicated that no ions were formed.

Discussion
The complex Mo, 03(8,CNEt,), has been the subject of
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several investigations® ™12 since it was originally prepared®
and discrepancies in both the description of its physical
properties and spectral studies have appeared in the literature.
Our studies® of complexes of molybdenum containing sulfur
donor ligands as possible models for the active site of certain
enzymes has led to a reinvestigation of this compound and
several closely related ones.

Initial attempts by previously described methods to syn-
thesize the compounds Mo, 0;(dtc), (dtc = RCS,; R =Me,N,
Et,N, i-Pr,N, 1-piperidine, 4-morpholine) led to unsatisfac-
tory products for reasons previously stated. The discovery
of the Mo, 04(dtc), complexes in the aqueous reaction mix-
tures produced from “molybdenun(V) oxochloride” or am-
monium oxopentachloromolybdate(V) with the various lig-
ands probably explains the previous inability'® to prepare an
analytically pure sample of M0,0;(S,CNMe,),. The use of
a large excess of ligand and low temperature, however, does
give pure Mo, 05(dtc), complexes. No pure Mo,04(dtc),
product could be isolated from reaction mixtures by using
sodium N, N-diisopropyldithiocarbamate. The product retain-
ed its purple color even after 2 days of refluxing but did have
a ~740-cm™! band in its infrared spectrum and.is probably
a mixture containing both types of complex.

No X-ray structural data are available for the compounds
Mo, 0;(dtc),, but due to their similar spectroscopic proper-
ties (see below), they are likely to have structures similar
to the analogous xanthate?’ (I) and dithiophosphate?$ (II)
compounds. Similarly, the compounds Mo,0,4(dtc), are
suggested to have structures closely related to the molyb-
denum(V) complex?? with L-cysteine ethyl ester (IIT).

Infrared Spectra. There has been much disagreement® 12
about the assignments in the infrared spectrum of Mo, 0;-
(S,CNEt,),, particularly concerning the various molyb-
denum-oxygen stretching frequencies. The two series of
complexes prepared in this work, together with the data ob-
tained for the analogous molybdenum(IV) and molybdenum-
(VI) complexes, presented an opportunity to make more
definite assignments.

We assign the strong band at ~940 cm™, which is unique
to the spectra of the purple Mo,03(dtc)4 compounds, to the
terminal molybdenum-oxygen stretching vibration [p(Mo==
0)]. The weak to medium absorptions at ~750 and ~430
em™*, which appear only in the purple compounds, are at-
tributed to the antisymmetric and symmetric vibrations of
the Mo-0O-Mo bridge. Our independently derived data and
assignments agree with: those recently published!? for Mo,-
0O3(S2CNEt, )., except for the assignment in that work of a
weak shoulder at ~910 cm™ to a second y(Mo=0). We sug-
gest that this absorption may be due to a dithiocarbamate lig-
and vibration. The bands at ~1000 cm™ previously as-
signed to ¥(Mo=0) in the N, N-diethyldithiocarbamate!’ and
analogous ethyl xanthate!"27 complexes are suggested to be
due to C-S absorption of the ligand.

In the series Mo, 04(dtc),, ¥(Mo=0) is shifted to higher
frequency and is definitely split into two absorptions. The
higher of these two absorptions (~980 cm™) is much
stronger than the second band (~970 cm™). The Mo-0,-
Mo bridge vibrations are thought to be the medium absorp-
tions at ~740 cm™ (antisymmetic) and ~480 cm™ (sym-
metric). These correlations are consistent with those made
in other complexes suggested to have the MoO,Mo

1

(25) A. B. Blake, F. A. Cotton, and J. S. Wood, J. Amer. Chem.
Soc., 86, 3024 (1964).

(26) J. R. Knox and C. K. Proutt, Acta Crystallogr., Sect. B, 25,
2281 (1969).

(27) F. A. Cotton and R. M. Wing, Inorg. Chem., 4, 867 (1965).
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bridge.!5"'"?3 In fact, the split band at ~980 cm™ and the
medium, very sharp absorption at ~740 cm™ appear in all
the complexes we® and others have prepared with many dif-
ferent ligands and they can be used as good indicators of the
presence of the

20 P
Mo\ /Mo
(0]

moiety in complexes. These bridge assignments are sup-
ported by the absence of these bands in the products of re-
action of Mo, 04(dtc), with hydrogen sulfide in chloroform
solution (where the bridging sulfides only are replaced).® In
both series of compounds, a medium absorption at ~360-
380 cm™ is attributed to molybdenum-sulfur stretching.

Visible Spectra. The data obtained from the visible spec-
tral study of the Mo,0;(dtc), complexes, which links the
non Beer’s law behavior of the 510-nm band with an equili-
brium involving dissociation of the molybdenum(V) dimer
into molybdenum(IV) and molybdenum(VI) monomers,
suggests that the ~510-nm band is due to a transition involv-
ing the Mo-O-Mo bridge. The intepretation previously pro-
posed®s to explain the origin of a similar band in the elec-
tronic spectrum of the analogous ethyl xanthate complex is
therefore likely to be applicable to the dithiocarbamate di-
mers.

Rather surprisingly, the 380-nm band in these spectra
obeyed Beer’s law throughout the concentration range studied
(see Table IV). This observation suggests either that the mo-
lar absorptivities at this wavelength of the three species pres-
ent in solution have the same value or that the sum of the mo-
lar absorptivities for the molybdenum(IV) and molybdenum-
(VD) species equals that for the molybdenum(V) dimer.
Scrutiny of Table V shows that the former reason is incorrect
but that the latter satisfies this observation. Further (see
Table V), it is seen that the value of the molar absorptivity
at 380 nm appears to be a direct function of the number of
oxo ligands per molybdenum. It may therefore be deduced
that this absorption is due to a molybdenum-oxygen transi-

tion and that the molar absorptivity at 380 nm for an oxo-

molybdenum moiety in these dithiocarbamate systems is ca.
1800. The systematic variation found in € makes it unlikely
that the 380-nm absorption is concerned with the dithiocar-
bamate ligands as all three species have two bidentate ligands
present per molybdenum.

Relevance to Molybdenum in Enzymes. Although there
have been many recent reports of model systems for various
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Table V. Molar Absorptivities of the 380-nm Band as a Function
of Number of Oxo Ligands

Complex €507 e/(oxo ligand)
MoV 0,(S,CNEt,),b 5200 1730
MoV10,(S,CNEt,),bd 3430}5160 1715
MoIVO(S,CNEt,), b.d 1730 1730
MoV,0,[S,C(1-pip)],b 5880 1960
MoV10, [S,C(1-pip)],b-@ 4170}6120 2085
MoIVO[S,C(1-pip)],be 1950 1950
MoV,0,(S,C(4-morph)],¢ 5500 1830
Mo VIO, [S,C(4-morph)], &4 3680}5210 1840
MoIVO([S,C(4-morph)],:d 1600 1600

@ Exact positions of peak maxima are listed in Table III. bn
benzene solution. € In chloroform solution. ¢ Preparation and
properties to be reported.

enzymes,!»%152843 the possible interrelationship of the
molybdenum atoms in enzymes containing two such metal
atoms per mole has received scant attention. Most model
systems for nitrogenase have been based on the proposed
mechanism that suggests that an “end-on” bound nitrogen
molecule, bridging a molybdenum and an iron atom, is re-
quired for reduction.** A dimolybdenum active site, which
interacts similarly with dinitrogen, has also been suggested .
Our interpretation®® of enzymic nitrogen fixation is different
from this and involves the “side-on” binding of a nitrogen
molecule to a spin-paired molybdenum(IV) species with
“carbenoid” properties which is responsible for all the en-
zymic chemistry. A closely related, intriguing problem con-
cerns the nature of the relationship of the two molybdenum
atoms in the various biological systems. Are they both
active and working independently or do they operate in con-
junction to produce the active species?

We have previously shown that oxobis(V,N-dialkyldithio-
carbamato)molybdenum(IV) compounds can oxidatively
add various unsaturated organic molecules.® The 1:1 adduct
formed with diethyl azodicarboxylate hydrolyzes in solution
to produce 1,2-bis(ethoxycarbonyl)hydrazine and the ap-
propriate cis-dioxomolybdenum(VI). This latter compound
is easily reduced to +IV state and is able to react again with

(28) G. N. Schrauzer, P. A. Doemany, R. H. Frazier, Jr., and
G. W. Kiefer, J. Amer. Chem. Soc., 94, 7378 (1972), and references
therein.

(29) J. R. Postgate, Ed., ““Chemistry and Biochemistry of Nitro-
gen Fixation,” Plenum Press, London, 1971.

(30) A. D. Allen, Advan. Chem, Ser., No. 100, 79 (1971).

(31) 1. E. Bercaw, R. H. Marvich, L. G. Bell, and H. H.
Brintzinger, J, Amer. Chem. Soc., 94, 1219 (1972).

(32) J. Chatt, J. R. Dilworth, R. L. Richards, and J. R. Sanders,
Nature (London), 224, 1201 (1969).

(33) J. L. Thomas, J. Amer. Chem. Soc., 95, 1838 (1973).

(34) E. E. van Tamelen, J. A. Gladysz, and J. S. Miller, J. Amer.
Chem. Soc., 95, 1347 (1973).

(35) E. E. van Tamelen, Advan. Chem. Ser., No. 100, 95 (1971).

(36) P. C. H. Mitchell and R. D. Scarle, Nature (London), 240,
417 (1972).

(37) D. Werner, S. A. Russell, and H. J. Evans, Proc. Nat. Acad.
Sci. U. §., 70, 339 (1973).

(38) A. E. Shilov and G. I. Likhtenstein, Izv. A kad. Nauk SSSR,
Ser. Biol., 518 (1971).

(39) A. E. Shilov, N. T. Denisov, O. Efimov, V. F. Shuvalov,

N. I. Shuvalova, and A. Shilova, Nature (London), 231, 460 (1971);
Dokl. Akad. Nauk SSSR, 195, 879 (1970).

(40) A. E. Shilov, A. K. Shilova, E. F. Kvashina, and T. A.
Vorontsova, Chem. Commun., 1590 (1971).

(41) Yu. G. Borod’ko, M. O. Broitman, L. M. Kachapina, A. E.
Shitov, and L. Yu. Ukhim, Chem. Commun., 1185 (1971).

(42) R. E. E. Hill and R. L. Richards, Nature (London), 233,
114 (1971).

(43) J. Chatt, G. A. Heath, and G. J. Leigh, J. Chem. Soc.,
Chem. Commun., 444 (1972); J. Chatt, G. A. Heath, and R. L.
Richards, ibid., 1010 (1972).
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and W. A. Bulen, manuscript in preparation,
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the azo compound. We have previously suggested these re-
actions as a model for the interaction of dinitrogen with the
nitrogenase active site. This active molybdenum(IV) species
is produced by the dissociation of the molybdenum(V) dimer
in solution. Its presence was demonstrated by the addition
of diethyl azodicarboxylate to a solution of a molybdenum-
(V) dimer when equimolar quantities of the appropriate cis-
dioxomolybdenum(VI) and 1:1 diethyl azodicarboxylate-~
oxomolybdenum(IV) compounds were produced.

The chemistry described above suggests a possible mecha-
nism of interaction by which the two molybdenum atoms in
the various metalloproteins might produce the spin-paired
molybdenum(IV) active species of nitrogenase. Two o0xo-
molybdenum(VT) species in juxtaposition could produce a
u-dioxo-dimolybdenum(V) species

(0]
Mo/ >Mo

\0
(similar to those described above) on reduction. Coordina-
tion of a suitable ligand (possibly a cysteine mercaptan
group) to both molybdenum atoms could doubly protonate
one of the bridging oxo ligands eliminating water while
simultaneously producing the single-oxo-bridged system.
This reaction would be analogous to the conversion of Mo,-
0,4(dtc), to Mo, 04(dtc), in the presence of ligand. This di-
nuclear species may then dissociate vig the equilibrium de-
scribed above for the Mo,05(dtc), complexes to produce
the active nitrogen-reducing molybdenum(IV) species and
an inactive molybdenum(VI) species. After nitrogen binding
and reduction is completed and ammonia is released by hy-
drolysis (which concomitantly produces a molybdenum(VT)
species), the two molybdenum(VI) atoms could again interact
vig the oxo bridges and so continue the catalytic cycle. It
may be that production of the active molybdenum(IV) spe-
cies by this type of interaction is favored as it may occur
with an electron donor of only moderate potential similar
to those found in nature.

The oxidases may utilize such a system in reverse. In this
case, the molybdenum(VI) species gives up its oxo ligand®
and becomes reduced to molybdenum(IV) which then dissi-
pates the electrons vig similar bridging systems. If sucha
system indeed operates in molybdoenzymes, then our models
indicate that oxo bridges are mandatory. We have found
that the analogous u-disulfido-dimolybdenum(V)

/S\
Mo Mo
\ 7/

S

species do nor react under similar conditions with excess
ligand to produce a u-sulfido bridge (Mo-8-Mo)® and there-
fore such systems cannot use this mechanism for the forma-
tion of the active spin-paired, “carbenoid” molybdenum(IV)
species.
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